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Copper chalcogenide nanocrystals (CuCNCs) as a type of semiconductor acting as efficient catalysts have been rarely involved. Herein 
we report that water-soluble size-controlled Cu2-xSe nanocrystals (NCs), which are copper deficient and could be prepared by redox 
reaction with the assistance of surfactants, were found to have strong near-infrared localized surface plasmon resonance (LSPR) 
properties originated from the holes in the valence band, and catalytic activity of more than 500-fold enhancement of the 
chemiluminescence (CL) in luminol-H2O2 system. Mechanism investigations showed that the high concentration of free carriers in Cu2-10 

xSe NCs, derived from high copper deficiencies which make Cu2-xSe NCs be both good electron donor and acceptor with high ionic 
mobility, could greatly enhance the catalytic ability of Cu2-xSe NCs to facilitate electron-transfer process and decomposition of H2O2 into 
OH· and O2·

-, the commonly accepted key intermediates in luminol CL enhancement. So it is concluded that controllable copper 
deficiencies that are correlated with their near-infrared LSPR are critically responsible for the effective catalysis of Cu2-xSe NCs in the 
enhanced CL. 15 

 Introduction 

As an important family of semiconductor nanomaterials, 
CuCNCs have been attractive recently due to their specific 
optical1-4 and optoelectronic properties.5-7 For example, copper 
selenide NCs have been intensively studied and widely used in 20 

solar cell,8 optical filter,9 and super ionic conductors10 due to their 
various phases and structural forms, such as stoichiometric Cu2Se, 
Cu3Se2, CuSe, and CuSe2 NCs, as well as non-stoichiometric Cu2-

xSe NCs.11-13 As a p-type semiconductor with electron-ionic 
conductivity and a direct/indirect band gap of 2.2/1.4 eV,14 the 25 

non-stoichiometric Cu2-xSe NCs are particularly suitable for solar 
light-sensitive photocatalysts.15  

Up-to-date investigations focus on the strong near-infrared 
(NIR) absorption of the cation-deficient Cu2-xSe NCs, proving 
that the LSPR originates from the high density of holes in the 30 

valence band.16-18 Different from that of noble metal NCs,19-21 the 
NIR-LSPR of Cu2-xSe NCs can be easily engineered by changing 
the materials’ composition, temperature, or phase transitions,22 
which can then supply new opportunities for sensing,23 imaging,24, 

25 photothermal therapy,26, 27 and plasmonic solar cells.28, 29 Thus, 35 

a lot of efforts have been devoted to achieving fine-tunability in 
the LSPR properties of CuCNCs,14, 30-33 providing us with both 
high fundamental view and technological potential to know more 
about the NIR-LSPR of Cu2-xSe NCs.  

It is well known that defects such as oxygen vacancies and 40 

step edges, which have been proposed to participate in chemical 
catalytic reactions,34, 35 are the most reactive sites on the surfaces 
of metal oxides since the defects can bind adsorbates more 
strongly than normal sites and assist in their dissociation. For 
example, oxygen vacancies are involved in electrochemical 45 

oxygen reduction reactions as their charged nature may control 
band-bending and thus electron-hole pair separation, greatly 

enhancing the electrocatalytic activity.35, 36 As the analogy, 
copper deficiency in Cu2-xSe NCs is important for arising the 
plasmon resonance as well as for some electrical properties,32, 37 50 

but few reports have been involved in the applications of such 
vacancies for catalysis. Therefore in this contribution, we 
investigated the Cu2-xSe NCs involved in catalysis chemistry, by 
taking the example of luminol chemiluminescence (CL), which is 
simple but can supply us new train of thought for the theoretical 55 

understanding of the vacancy and make us find more practical 
applications such as bioimaging and immunoassay.  

In this respect, we developed a new controllable preparation 
route of Cu2Se NCs at room temperature by making use of the 
reaction of selenium nanoparticles acting as a template38 with 60 

copper sulfate solution, and found that the available copper 
deficient Cu2-xSe NCs can induce more than 500-fold CL 
enhancement in the typical luminol-H2O2 system. The observed 
enhancement effect is unusual and better than most of the 
reported NCs,39 which, as we identified herein, is closely related 65 

to the unique electronic structure since the copper deficiency in 
Cu2-xSe NCs supports markedly an increase of free carrier 
concentration and mobility, which facilitate the electron-transfer 
process from luminol to H2O2 and accelerate efficiently the 
decomposition of H2O2 to form the active oxygen-related radicals, 70 

OH· and O2
·-. These active radicals have been commonly 

identified to be the key intermediates that induced CL 
enhancement.40 This investigation could be valuable to obtain 
new insight into the unique structure characteristics of Cu2-xSe 
NCs, and broaden the application of the novel semiconductor 75 

materials in the fields, such as sensing, catalysis, and solar cell. 
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Experimental 

Apparatus  

The UV-vis absorption spectra were measured with a U-3600 
spectrophotometer (Hitachi Ltd., Tokyo, Japan). Scanning 
electron microscopy (SEM) and Transmission electron 5 

microscopy (TEM) images were captured using an S-4800 scan 
electron microscopy (Hitachi, Japan) and transmission electron 
microscopy (TEM) (JEM-2100, Japan). Elemental analysis was 
made on ESCALAB 250 X-ray photoelectron spectrometer 
(Tyoto, Japan). Powder X-ray diffraction (XRD) patterns were 10 

obtained using a Shimadzu XRD-7000 and filtered Cu-Ka 
radiation. Zeta potential and the average hydrodynamic diameters 
of Cu2-xSe NCs were measured by dynamic laser light scattering 
(DLS, ZEN3600, Malvern). The ratios of Cu/Se in the 
nanocrystals and the mass concentration of Cu2-xSe NCs were 15 

obtained by using inductively couple plasma atomic emission 
spectrometry (ICPAES). 

Reagents and materials 

Luminol, polyvinylpyrrolidone powder (PVP, MW 55 kD) were 
commercially obtained from Sigma-Aldrich Co. LLC. (USA). 20 

Cetyltrimethyl ammonium bromide (CTAB), sodium dodecyl 
sulfate (SDS) and copper sulfate (CuSO4·5H2O, 99%) were 
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 
China). Selenious dioxide (SeO2, 99.9%) was obtained from 
Aladdin Chemistry Co. Ltd. (Shanghai, China). Polystyrene 25 

sulfonate (PSS, MW 70 kD) and vitamin C (Vc) were purchased 
from Alfa Aesar Co. Ltd. (MA, USA). All chemicals were used 
as received without further purification and dissolved in doubly 
distilled water (18.2 MΩ). 

Synthesis of Cu2-xSe NCs 30 

1.6 ml 10 mg/ml PSS and 5.5 ml water were added to a round-
bottom flask and then it was added 0.1 ml 0.2 M SeO2 and 0.3 ml 
0.4 M Vc, successively. After 10 min, a mixed solution of 0.1 ml 
0.4 M CuSO4·5H2O and 0.4 ml 0.4 M Vc were added under 
vigorous stirring, in which Vc reduce Cu2+ to be Cu+. The 35 

resulting mixture was allowed to proceed under vigorous stirring 
at 30 °C until a green solution was obtained in 10 h, indicating 
that PSS stablized Cu2-xSe NCs has produced. The yielding 
products were purified through a 10 kDa dialysis membrane for 1 
day with 6 changes of distilled water in order to remove the small 40 

molecules and centrifugation if necessary to remove the large 
molecules. The products were finally stored in a 4 ◦C refrigerator. 
It is found that the yielding products are stable within 1 month 
(Fig. S1, ESI†). Other surfactants stabilized Cu2-xSe NCs were 
synthesized also following the same procedures, but the reaction 45 

time is 3 h for CTAB, 10 h for SDS or PVP, respectively. The 
molar extinction coefficient of all Cu2-xSe NCs were calculated 
on the absorbance at peak wavelength with various 
concentrations.26  

Chemiluminescent measurements   50 

The CL spectra and the dynamic CL intensity-time profiles of 
PSS-Cu2-xSe NCs-enhanced luminol CL were measured with an 
ultra-weak BPCL luminescence analyzer (Institute of Biophysics, 

Chinese Academy of Sciences, Beijing, China) using the static 
model in a 3-mL quartz cuvette. Before the CL signals were 55 

recorded, the analyzer was firstly run for half an hour every time 
for the purpose of good reproducibility. The dynamic profiles 
were displayed and integrated for a 0.2 s interval at -750 V. The 
CL spectra were obtained through a series of high-energy cutoff 
filters (wavelengths from 230 to 640 nm), which were placed 60 

between the flow CL cell and the photomultiplier of the analyzer. 
250 µL of luminol solution was quickly injected by a microliter 
syringe into a mixture premixed with 100 µL of H2O2 and 100 µL 
of PSS-Cu2-xSe NCs in the cuvette. When investigating the 
influence of different radical scavengers on luminol-H2O2 CL in 65 

the presence of Cu2-xSe NCs, 100 µL of radical scavengers with 
different concentrations were first introduced into the mixture of 
H2O2 and Cu2-xSe NCs following the same experimental 
procedures as described above. (I0 – I)/I0 × 100% was used to 
calculate CL percent inhibition, and the I0 or I were the CL 70 

intensities in the absence or presence of radical scavengers, 
respectively.  

Results and discussion  

A route to prepare Cu2-xSe NCs with controllable size 

Template-directed synthesis has been identified as an effective 75 

and facile strategy to prepare CuCNCs.38, 41-43 Although this 
approach usually requires at relatively low temperature or even if 
at room temperature, the as-prepared CuCNCs have weak LSPR 
absorption. Considering that surfactants can influence both the 
morphology of Cu2-xSe NCs related to the LSPR frequency32 and 80 

the catalytic activity of NCs,44, 45 we herein developed a template-
directed synthesis route to prepare Cu2-xSe NCs with controllable 
size by introducing four kinds of water-soluble surfactants 
including cations (CTAB), anions (SDS), anionic polymer (PSS), 
non-ionic polymer (PVP).  85 
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Fig.1 Step-by-step absorption spectra and visual observation of the 
formation of Cu2-xSe NCs stablized by PSS. (a) The Se NCs obtained with 
the reaction of Vc and SeO2 in 10 min in the first step. (b) The Cu2Se NCs 
obtained after cuprous ion got mixed with Se NCs in 0.5 h in the second 90 

step. (c) The Cu2-xSe NCs obtained with extended reaction time of Cu2Se 
NCs being oxidized in the third step.  

The built-up simple reaction route was composed of three 
steps (Fig. 1). At first, Vc was employed to reduce SeO2 into 
orange Se NCs (Fig. 1a) in the presence of surfactants. Secondly, 95 

Cu2Se NCs were formed with the addition of Cu+ (mixture 
solution of CuSO4 and Vc) into Se NCs since Cu+ can catalyze 
Se0 into Se2- and Se4+,38 during which the colour of solution  
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Fig.2 TEM images to visualize the formation of Se NCs, Cu2Se NCs and 
Cu2-xSe NCs stablized by PSS. TEM images (a, d, g), HR-TEM images (b, 
e, h), and corresponding numerical diffractogram (FFTs, c, f, i) of Se NCs 
(a, b, c), Cu2Se NCs (d, e, f), and Cu2-xSe NCs (g, h, i), respectively. 5 

changed from orange to brown (Fig. 1b). Finally, the as-formed 
Cu2Se NCs gradually transformed into Cu2-xSe NCs with the 
colour change to green through a phase transformation process 
promoted by air exposure and oxidants unreacted (Fig. 1c).10 The 
formation of the orange Se NCs in the first step could be 10 

identified by TEM and HR-TEM images (Fig. 2a, b, c), and these 
Se NCs had a spacing of 0.39 nm corresponding to (100) 
planes.46 Fig. 2 also clearly showed the formation of Cu2Se NCs 
and Cu2-xSe NCs, wherein HR-TEM images demonstrated the 
phase transformation from Cu2Se NCs with the measured 15 

spacings of 3.4 Å and 2.3 Å corresponding to the (060) and (090) 
plans to Cu2-xSe NCs with the measured spacings of 2.4 Å and 
2.1 Å corresponding to the (012) and (220) plans.10, 47 

As TEM images in Fig. 3 showed, the as-prepared particles 
after the three steps were quite monodispersed and uniform, and 20 

their size could be adjusted ranging from 14.5 nm to 52.0 nm by 
changing surfactants. Powder X-ray diffraction (XRD) identified 
that the as-prepared Cu2-xSe NCs were cubic berzelianite phase 
with well-defined crystalline (Fig. S2, ESI†), while the X-ray 
photoelectron spectroscopic (XPS) measurements (Fig. S3, ESI†) 25 

also identified the Cu2-xSe phase with the binding energies of 
932.30 eV for Cu 2p3/2 and 54.84 eV for Se 3d. The Cu 2p3/2 peak 
appearing at 932.30 eV corresponded to either Cu0 or Cu (I). A 
noticeable phenomenon is that asymmetric peak shape toward 
high binding energies appeared, indicating the presence of 30 

Cu(II).48 In other words, the available final products were 
nonstoichiometric Cu2-xSe with high copper deficiency.49 

The monodispersed growth of Cu2-xSe NCs with size 
tunability should be attributed to the surfactant and the size-
focusing effect32 as the size of the nanoparticles could be 35 

restricted to a certain range with changing concentration of 
different surfactants (Fig. S4, ESI†). Therefore, it is suggested 
that surfactants may complex somehow selenium and then copper 
ions in the reaction. 

In the first step, the type of the surfactants may be essential in  40 
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Fig.3 Surfactant-dependent sizes of Cu2-xSe NCs as shown by TEM 
images. Cu2-xSe NCs were coated by CTAB (a, a’), SDS (b, b’), PSS (c, c’) 45 

and PVP (d, d’), respectively. Size distributions are obtained by counting 
100 particles of each sample.  

the synthesis of monodispersed size-tunable Se NCs (Table.S1, 
ESI†). During the formation of Se NCs, the size of Se NCs is 
controlled by surfactants following a burst of nucleation having a 50 

constant volumetric growth rate.32 CTAB and SDS are molecules 
highly smaller than PVP or PSS, thus allowing for a larger 
mobility and reactivity of the surfactant-ion system. This could 
also decrease the barrier for nucleation favoring, in the case of 
CTAB- and SDS-complexed ions, many more nuclei, smaller 55 

growing. Furthermore, there should be considered the fact that 
PVP and PSS are polymeric molecules, therefore offering many 
anchoring groups to selenium with respect to CTAB or SDS. 
Therefore, the size of Se NCs obtained by CTAB or SDS is 
observed to be relatively smaller than that by PSS or PVP.  60 

In the second step, during which cuprous ion react with the 
templated Se NCs,50 the formation of Cu2Se may be controlled by 
different rates of ionic diffusion induced by different surfactants. 
The oxygen groups in SDS or PSS or PVP surfactant have a trend 
to coordinate to cuprous cations, which slow down the diffusion 65 

to the nucleation,51 so the formation rates of product prepared by 
different surfactants are different but do not induce large change 
of size from Se NCs to Cu2Se NCs as shown by TEM image (Fig. 
2) and the DLS measurement (Table.S1, ESI†).  

In the third step, the phase transformation from Cu2Se to Cu2-70 

xSe is observed by the colour change and the strong absorption in 
NIR (Fig 1c), where air exposure has produced an oxidation of 
the nanoparticle surface which also be supported by the XRD 
pattern (Fig. S5, ESI†),49 then the creation of a potential along the 
particle diameter which has promoted a diffusion of copper ions 75 
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from the inner core to the surface. It is found that the NCs 
preserve their size and shape in the transformation (Fig. 2), which 
is similar to the reported chemical transformation starting from 
Cu2Se nanocrystals.10, 47 
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Fig.4 NIR-LSPR absorption spectra of Cu2-xSe NCs. (a) The absorption 
spectra of crystalline Cu2-xSe NCs coated by CTAB (30 °C, 3 h), SDS (30 
°C, 10 h), PSS (30 °C, 10 h), PVP (30 °C, 10 h) with the size of 14.5 nm, 
28 nm, 40 nm and 52 nm, respectively. Different surfactants capping Cu2-

xSe NCs showed different absorption band characterized at 1025 nm, 10 

1020 nm, 980 nm, 1040 nm with the molar extinction coefficient of 
3.8×108 M-1cm-1, 2.2×109 M-1cm-1, 4.7×109 M-1cm-1, 1.2×1010 M-1cm-1, 
respectively. (b) With reaction time going from 8 h to 12 h at 30 °C, the 
absorption spectra of crystalline PSS-Cu2-xSe are blue-shifted. 

High copper deficiency of Cu2-xSe NCs 15 

The available nonstoichiometric Cu2-xSe NCs with high copper 

deficiency could be well-dispersed in water, and has absorption 

from UV to NIR region (Fig. 4a). The absorption in the UV-VIS 

region below 500 nm has been ascribed to the direct band gap, 

and the one in NIR region should be the LSPR.4, 7, 26 It has been 20 

known that the NIR-LSPR depends on the relatively high carrier 

(holes) concentration and sizes of nanocrystals.22, 32 Here the 

NIR-LSPR is easily tuned by changing the surfactants and 

reaction time (Fig. 4b). Within the same reaction time, different 

surfactants such as PVP, SDS and PSS can be used to control the 25 

LSPR frequency of Cu2-xSe NCs, which have strong absorption 

peak centered at 1045 nm, 1020 nm and 980 nm. In addition, the 

LSPR frequency of Cu2-xSe NCs weakly depends on the size but 

rely more on the electric charge of surfactants. As the electric 

charge of surfactants are more negative (Table. S1, ESI†), Cu2-30 

xSe NCs show a more significant blue-shift in LSPR absorption 

with a Cu/Se ratio of 1.6 (x=0.4).  

It was also found that CTAB could accelerate the phase 

transformation from the Cu2Se NCs to the Cu2-xSe NCs with a 

Cu/Se ratio of 1.2 (x=0.8) within 3 h. Compared with other 35 

surfactants, CTAB can make Cu2-xSe NCs have a highest copper 

deficiency, but can not unexpectedly make any blue shift in 

LSPR of Cu2-xSe NCs,17 which should be ascribed to the more 

positive charge of CTAB than others. Therefore it is suggested 

that positive charge on the surface of Cu2-xSe NCs may trap free 40 

holes and thereby reduce the effective free carrier concentration, 

which is similar to oleic acid as a Lewis acid having ability to 

accept electrons.32 On the contrary, the negative charge on the 

surface of Cu2-xSe NCs highly increased the charge carrier 

density, which leads to a blue-shift of LSPR. Besides, the molar 45 

extinction coefficient of Cu2-xSe NCs show strong size 

dependence as the size increase the molar extinction coefficient 

get increased.  

Furthermore, it is easy to control the NIR-LSPR band of 

Cu2-xSe NCs by extending the reaction time in the presence of 50 

PSS (Fig. 4b), and thus we can adjust the copper deficiency of 

Cu2-xSe NCs since the blue shift of NIR-LSPR indicates 

increasing copper deficiency,17, 47 and thus the copper deficiency 

is controllable. Additonally, the LSPR features induced by the 

copper deficiency of the available Cu2-xSe NCs are greatly 55 

dependent on the surrounding medium, and it is found that the 

NIR absorption of Cu2-xSe NCs gets red-shifted with increasing 

refractive index of the surrounding solvent media (Fig. S6, ESI†), 

identical to the LSPR absorption features of noble metal 

nanocrystals such as gold and silver nanocrystals.21, 52  60 
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Fig.5 Cu2-xSe NCs with high copper deficiency (x~0.4) induced strong 
chemiluminescence. Kinetic monitoring on luminol-H2O2 CL in the 
presence of (a) PSS-Cu2-xSe NCs and (b) the reagents including Cu2+, PSS, 
or their mixture used in the synthesis processes. Conditions: luminol, 2.0 65 

× 10-4 M; H2O2, 22.2 µM; PSS-Cu2-xSe NCs, 70.0 pM; Cu2+, 5 mM; PSS, 
2.0 mg / mL.  

Copper deficiency of Cu2-xSe NCs induced strong CL 

enhancement 

In order to identify the excellent catalytic ability is related to the 70 

high copper deficiency of Cu2-xSe NCs, we take the well-known 
luminol-H2O2 CL system as an example. Fig. 5 shows the highly 
catalytic performance of Cu2-xSe NCs coated by PSS (PSS-Cu2-

xSe NCs), in comparison with the dynamic CL intensity-time 
profiles of luminol-H2O2 system in the absence and presence of 75 

PSS-Cu2-xSe NCs. It can be seen that PSS-Cu2-xSe NCs can 
greatly enhance the CL intensity of luminol as high as up to 530 
times, compared to the weak luminol CL oxidized only by H2O2 
in alkaline medium (Fig. 5a). This strongly enhanced CL effect is 
the best one among the reported nanocatalysis.33 Similar to other 80 

nanocatalysts, the catalytic activity of PSS-Cu2-xSe NCs is closely 
related to the pH and the concentrations of reaction reagents. The 
optimal condition was 2.0 × 10-4 M luminol in NaOH solution 
(pH 11.1), 70.0 pM PSS-Cu2-xSe NCs and 22.2 µM H2O2, 
respectively (Fig. S7, ESI†). 85 

In such case, it is necessary to clarify whether the observed 
catalytic effect of PSS-Cu2-xSe NCs is derived from the unreacted 
reagents used in the synthetic processes. Fig. 5b shows that there 
are really some degree of CL enhancement by Cu2+, PSS, or the 
mixture of Cu2+ and PSS solutions with the same concentrations 90 

as the synthetic procedures, but the enhanced degrees are greatly 
weaker than that of PSS-Cu2-xSe NCs under the same conditions. 
Furthermore, the as-prepared PSS-Cu2-xSe NCs have been 
subjected to dialysis (24 h) and centrifugation (10000 rpm, 10 
min) to remove the residual Cu2+ or PSS species. Hence, the  95 
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Fig.6 ESR spectra of (a) DMPO-OH· adduct, and (b) nitroxide radicals 
generated by the reaction of TEMP probe with 1O2 in luminol-H2O2 
system in the presence (red line) or absence (black line) of PSS-Cu2-xSe. 
Conditions: modulation amplitude, 1.944 G; microwave power, 1.002e + 5 

001 mW; receiver gain, 1.00e + 005; sweep width, 100.00 G. The ESR 
measurements were achieved with a Bruker ESP-300E spectrometer 
operating in the X-band at room temperature. 

possibility of the CL enhancement effect from concomitant 
species such as Cu2+ or PSS can be excluded, and really from the 10 

intrinsic catalytic property of the intact PSS-Cu2-xSe NCs. 
The CL spectra of luminol-H2O2 either in the presence 

orabsence of PSS-Cu2-xSe NCs were acquired (Fig. S8, ESI†). It 
was clearly indicated that the maximum emission was ~440 nm, 
revealing that the luminophors in both cases are the excited-state 15 

3-aminophthalate anions (3-APA*), in agreement with the 
reported nanocatalysis.32, 53, 54 In addition, the measurements of 
SEM and TEM (Fig. S9, ESI†) showed no significant differences 
or changes in the size, and shape for PSS-Cu2-xSe NCs before or 
after the CL reaction, so we can conclude that the NCs act as a 20 

catalyst to enhance luminol CL.  
In order to identify the catalytic process of PSS-Cu2-xSe NCs 

during the CL process, further investigations are necessary in 
terms of the key oxygen-related radical intermediates induced 
luminescence enhancement, such as quenching experiments of 25 

different active oxygen radical scavengers on the CL intensity. 
Therefore, the effects of Vc (a common scavenger of oxygen-
related radicals), thiourea (a scavenger of OH· radical), 
superoxide dismutase (SOD, a scavenger of O2·

- radical) or NaN3 
(a scavenger of 1O2) were measured. The results indicated that Vc, 30 

thiourea and SOD all decreased the CL remarkably, but no CL 
inhibition occurred for NaN3 (Fig. S10, ESI†), suggesting that it 
were that OH· and O2·

-, not 1O2, were produced during the CL 
process. In other words, OH· and O2·

- did contribute to the 
observed CL. Apart from the breakdown of H2O2, a small fraction 35 

of above radicals could come from dissolved oxygen of the 
reagent solutions, because there were some changes in average 
CL intensity CL signal (less than 20% changes) when N2 was 
bubbled into the reactant solutions for a few minutes before the 
CL reaction. 40 

Furthermore, room temperature electron spin resonance 
(ESR) technique, which was used to detect oxygen-related 
radicals because of their short lifetime, was explored, wherein 5, 
5-Dimethyl-1-pyrroline N-oxide (DMPO) was used as a specific 
target molecule to determine OH·. As Fig. 6a shows, the DMPO / 45 

OH· adduct signal intensity of ESR spectra in the presence of 
PSS-Cu2-xSe NCs is clear and much stronger than that without 
NCs, indicating that PSS-Cu2-xSe NCs have excellent catalytic 
activity to accelerate the decomposition of H2O2 to generate a 
high yield of OH· on their surface. As a specific target molecule  50 
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Fig.7 The PSS-Cu2-xSe NCs with different free carrier concentrations and 
their kinetic monitoring on luminol-H2O2 CL. (a) Three PSS-Cu2-xSe NCs 
(a’, b’ and c’) with different absorption spectra were obtained in different 
reaction time. (b) Kinetic monitoring on luminol-H2O2 CL in the presence 55 

of a’, b’ and c’, respectively. Conditions: luminol, 2.0 × 10-4 M; H2O2, 1 × 
10-4 M. 
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Fig.8 UV-visible absorption spectra of (a) H2O2-PSS-Cu2-xSe, (b) PSS-
Cu2-xSe, (c) luminol-H2O2-PSS-Cu2-xSe, and (d) luminol-H2O2. Final 60 

concentrations: luminol, 2.0 × 10-4 M; H2O2, 222 µM. 

of 1O2, 2, 2, 6, 6-tetramethyl-4-piperidine (TEMP) can react with 
1O2 to form a stable, ESR measurable 2,2,6,6-tetramethyl-4-
piperidine-N-oxide (TEMPO) adduct. However, regardless of the 
presence or absence of NCs, the signal intensity of TEMPO 65 

remains nearly the same in luminol-H2O2 system (Fig. 6b), 
testifing no generation of 1O2, identical to the results of the above 
quenching experiments. In fact, Cu2-xSe NCs coated by the other 
three surfactants (SDS, PVP, and CTAB) can also enhance the CL 
at least 500 times (Fig. S11, ESI†). Moreover, it is found that Cu2-70 

xSe NCs (x~0) can not strongly induce an enhancement of CL 
compared to Cu2-xSe NCs (x>0) (Fig. S12, ESI†). Therefore, the 
unique structures of Cu2-xSe NCs, especially the high copper 
deficiencies, play a critical role in their excellent catalytic activity. 
As Fig. 7 displayed, Cu2-xSe NCs with increasing density of free 75 

carriers (holes) induced by copper deficiency show the increase 
of catalytic activity. It has been reported that vacancies in the 
structure would make charge carrier density increase, and thus 
enhance electronic properties.10 Similarly, copper deficiency in 
Cu2-xSe NCs should be responsible for the increase of charge 80 

carrier density which may really induce an enhancement of the 
catalytic activity on luminol-H2O2 CL system. 

On the other hand, we tested the spectral changes of Cu2-xSe 
NCs before and after luminol CL (Fig. 8). As expected, at the 
beginning, a blue shift of the LSPR peak was observed for Cu2-85 

xSe NCs after the addition of H2O2, due to the fact that electron 
transfer occurred from NCs to H2O2 which conferred a decrease 
in electron density of NCs. Then, when luminol was added to the 
mixture of NCs and H2O2, the characteristic LSPR peak of NCs 
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showed some recovery to the original position, revealing that 
electrons from luminol were somehow re-injected into NCs. 
These novel observations confirmed NCs being good electron 
donor and acceptor could facilitate not only the breakdown H2O2 
to produce oxygen-related radicals, but also electron-transfer 5 

processes taking place on the NC surface, similar to the 
previously reported nanocatalysis.40

 As shown in scheme 1, the 
mechanism clearly demonstrates the importance of copper 
deficiency in making Cu2-xSe NCs facilitate electron-transfer 
from luminol to H2O2 and the decomposition of H2O2 into 10 

OH· and O2·
-. 

 
Scheme 1. Illustration of the high performence of Cu2-xSe NCs for 
luminol-H2O2 CL system.  

Besides, the possibility that copper ion as a catalyst to 15 

decompose H2O2 into OH· and O2·
- in alkaline medium55 should 

be considered. As our experiment had demonstrated the existence 
of OH· and O2·

- that contribute to the observed strong CL by 
oxidizing the luminol to be 3-APA*, we supposed that the copper 
ion on the surface of Cu2-xSe NCs had an important role on 20 

increasing the CL signal of luminol-H2O2 system. However, with 
the same copper ion concentration, Cu2-xSe NCs had stronger 
catalytic ability than that of the free copper ion (Fig. 5). Moreover, 
the higher free carrier concentrations have Cu2-xSe NCs, the 
stronger the CL signal show Cu2-xSe NCs (Fig. 7). Therefore, it is 25 

not only the copper ion but copper deficiency that play prominent 
part in CL enhancement. The copper deficiency in Cu2-xSe NCs is 
responsible for the formation of hole, high free carrier 
concentration and high ionic mobility, which then largely prompts 
the catalytic ability of Cu2-xSe NCs to decompose H2O2 and 30 

facilitate the electron-transfer processes. 

Conclusions 

In summary, we developed a simple method to synthesize Cu2-xSe 
NCs with different surfactants, wherein the surfactants in the 
reaction of cuprous and Se NCs not only control the size of Cu2-35 

xSe NCs but also confine carrier (holes) to a certain 
concentration. Owing to the controllable copper deficiencies, the 
as-prepared Cu2-xSe NCs have strong NIR-LSPR properties, and 
excellent catalytic activity of more than 500-fold CL 
enhancement in luminol-H2O2 system mainly through the 40 

commonly accepted OH· and O2·
-. The present study displays a 

new application of Cu2-xSe NCs in CL field, which should be 
important for gaining a better understanding of the unique 
structure of copper deficiencies, and further research about the 
proposed NCs is now in progress. 45 
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